Abstract: Current EU policy calls for decreased emissions of greenhouse gases (GHG) by i.e., replacing fossil fuel in the transportation sector with sustainable biofuels. To avoid indirect land use change (iLUC), the EU at the same time strives to limit the use of crops and to increase the use of residues. In this study we compare climate impact and production cost for biogas and ethanol based on wheat grain and straw, respectively, in a Swedish context. The economic competitiveness for ethanol from straw vs. grain is evaluated based on the mandatory emission reduction for fossil vehicle fuels implemented since July 2018 in Sweden. The result of this study clearly shows that biogas and ethanol from straw have the lowest GHG emissions regardless of the calculation method used, although biofuels from grain also fulfill EU GHG reduction criteria even when suggested iLUC factors are included. It was also shown that the cost of producing straw-based biofuels was higher, thus there is a trade-off between climate impact and costs. The GHG reduction mandate adopted in Sweden partly compensates for this, but is not enough to make ethanol from straw competitive from an economic perspective.
Introduction
According to EU policy, greenhouse gas (GHG) emissions need to be reduced by 40% by 2030 compared to the levels in 1990 [1] . By 2015, the member states had achieved an average emission reduction of 24%. However, emissions from the transportation sector, representing 20% of total GHG emissions, have increased by 16% during the same period [2] . It is thus important to address these emissions if we are to achieve the overall EU GHG emissions target.
The Swedish parliament has approved a new climate policy which includes, among other things, the goal of net zero GHG emissions in Sweden by 2045 [3] . The goal set for emissions from the domestic transport sector (excluding aviation) is a reduction of at least 70% by 2030, compared with 2010. In order to achieve these targets, a combination of several measures such as reducing the need for transportation, improving energy efficiency and electrification, as well as the increased use of biofuels are required [4] .
The EU has also set a mandatory target of 10% sustainable biofuels in the transportation sector in each Member State by 2020 [5] . Based on the method of calculation given in the EU renewable suppliers of fossil vehicle fuels are obliged to cut GHG emissions by a certain percentage each year by blending in biofuels. For petrol, the reference value has been set to 93.3 g CO 2 eq MJ −1 , and the required emission reduction in 2020 will be 4.2%. Since the GHG mandate is defined in terms of an emissions reduction and not the volume of biofuel, this policy instrument favours biofuels with low emissions. If the supplier does not meet this obligation, the penalty will be up to €0.8 kg −1 CO 2 -eq. [15] .
In this study, the GHG emissions and production costs of four different biofuel production systems were analysed. The main kinds of domestic biofuel production in Sweden today are biogas based on waste and residues and ethanol based on cereal grain. Bearing in mind current EU restrictions on the production of biofuels from crops, and that Swedish regulation favours biofuels with low GHG emissions, we compared the use of wheat straw to the use of wheat grain as feedstock for ethanol and biogas production in a Swedish context. The purpose is to identify drawbacks and benefits if residues are prioritized over energy crops for the production of biofuels. To exemplify how reduced GHG emissions could be given an economic value, the results are also applied in the context of the Swedish GHG reduction mandate. Thus, the cost for the mandatory emission reduction is calculated using ethanol from grain versus straw applying the production cost and GHG emissions calculated in this study.
Materials and Methods
The study was based on a range of method applications and data inventories, which are summarized here, and further described in the following sections or in the appendices:
• Inventory and analysis of statistics and data for biomass quantification and the identification of relevant regions and regional differences.
•
Inventory and analysis of georeferenced data on soil properties for subsequent simulation of the effects of straw removal on soil organic carbon (SOC) content.
• Assessment of material and product flows in biofuel production using published data on the use of wheat straw and grain for ethanol and biogas production.
• Assessment of GHG emissions according to the ISO (International Organization for standardization) standard for life cycle assessment and by applying the methodology defined in the EU RED.
• Assessment of feedstock production costs using a stepwise calculation method considering field operations, transport and storage.
• Assessment of biogas and ethanol production cost using investment analysis based on the annuity method.
Feedstock Production and Transport
Sweden is a long, narrow country, extending over 15 degrees of latitude, which means that conditions for the production of cereals and the collection of straw will vary considerably. From an agricultural perspective, Sweden is divided into eight different production regions. In this study we have assessed the four most productive regions (PR1-PR4), each of which is characterised by similar soil type, topography and climate (see Figure 1 and Table 1 ). Together these four regions represent 58% of the arable land in Sweden and 96% of the Swedish winter wheat cultivation area [16] . The winter wheat grain yields used in this study were calculated as 5-year averages based on official statistical sources in the form of standard biomass yields, and varied from 4.6 to 6.6 t dry matter (DM)/ha in the four regions studied (Table 1) . For comparison, the average yield of common wheat in 2011-2015 in the EU was 5.0 t DM/ha [17] .
Winter wheat straw yields were calculated based on the amount of harvested grain using regional straw/kernel ratios [18] . The amount of straw recovered was assumed to be the total amount of straw minus an unrecoverable stubble of 20 cm. The impact of straw removal on the SOC content was simulated for each of the four production regions based on data on current mean average SOC content, the bulk density of soil and its clay content, and the minimum and maximum SOC content in the production region (see Appendix C). The introductory carbon balance model (ICBM) was used to simulate the amount of SOC lost due to mineralization. The model was calibrated for each production region against data from long-term field experiments. Data on annual yields and SOC content were available for two different crop rotations with 13-16 different fertilization regimes for each field experiment. These data were used to calculate the amounts of residue left on the field. The ICB model was calibrated by adjusting the reaction coefficient for the outflow from the old carbon pool in order to maximize the coefficient of determination of the model predicting the change in SOC content.
The resulting first-year outflow of carbon from the old carbon pool was compared to the amount of carbon added to the old carbon pool from both wheat crop residues left in the field and carbon added as digestate. Wheat crop residues included straw, stubble and root biomass. The fraction of carbon added to the soil expected to enter the old carbon pool was calculated from the amount of carbon added and the humification coefficient (h = 0.15 for straw and stubble; 0.35 for root biomass; 0.27 for digestate) [19] . This is a simplification, since h is the fraction of the annual outflow from the young carbon pool that enters the old carbon pool, resulting in indicative values of stabilized carbon. Also, applying h = 0.15 for calculating the potential negative SOC impacts of straw removal should be seen as a worst case scenario, since straw humification has been suggested to have substantially lower coefficients in more recent studies (h = 0.002 − 0.028 for the PRs studied) [20] . The SOC balance was then calculated by adding the amount of carbon added to the old carbon pool minus the amount of annually mineralized carbon.
Of the total harvestable amount of straw (taking into account weather conditions preventing harvest), three categories were defined that could be used for biofuel production:
• Straw fraction 1, corresponding to the amount of SOC mineralised.
•
Straw fraction 2, currently removed and used for other purposes [21] .
• Straw fraction 3, available for bioenergy production without having any impact on SOC and without competing with any other uses.
Straw fractions 1, 2 and 3 combined can be regarded as the "technical potential", and straw fraction 3 as the ecologically or market "restricted potential". The proportions of each fraction in the different regions vary, depending on local conditions and current use of straw, see Figure 2 . In this study, the production cost and GHG emissions were calculated for ethanol and biogas produced from wheat grain and two different amounts of straw removed: (1) The restricted potential including only straw from fraction 3, and (2) the technical potential including straw from fractions 1-3, where straw removal will compete with current use and have a negative impact on SOC content.
The distance over which the feedstock would have to be transported was calculated for each region and biofuel production system, assuming removal of these different fractions of straw. Background data and further assumptions regarding the assessed production system are given in Appendix A. 
Ethanol and Biogas Production and Distribution
Although most of the biofuel used in Sweden is currently imported, there is some domestic commercial-scale production of both ethanol (from grain) and biogas (mainly waste-based) for biofuel applications. Techno-economic data for all production systems were collected from recent studies in which the production of ethanol and biogas from grain or straw had been modelled under Swedish conditions. The scale of production, overall system design and handling of co-products, etc., were chosen so as to be representative of current practice in Sweden.
Ethanol
There is currently one major ethanol production plant in Sweden, with an annual production of approximately 4.9 PJ based on wheat (80%) and barley (20%) grain. Here and in the following sections, energy content is expressed as lower heating value (LHV) for all products. In the present study, mass flow, energy balances and investment costs were based on a model plant producing 4.2 PJ ethanol from 440,000 t DM of grain. In addition to ethanol, it was assumed that the plant also produced distiller's dried grain with solubles (DDGS), which is dried to 88% DM and used as animal feed [22] . To maximise the biofuel production it is also possible to use the DDGS as feedstock for biogas production. Due to economic reasons this is, however, not practised in Sweden today and therefore not included in this paper.
In the production of ethanol from straw, the location of the plant-so as to ensure a sufficient regional supply of feedstock-has been identified as an important factor for economic feasibility [23] . Production based on an annual straw supply of 120,000 to 200,000 t DM has been considered necessary to give economies of scale in previous Swedish studies [23] [24] [25] [26] . In the present study, calculations are based on an annual straw supply of 200,000 t DM and process performance was optimized by applying high-DM fermentation and organic acid pre-treatment [26] .
Most of the DM in cereal grain is starch (based on hexose sugars), while the proportion of hexoses in straw is only about 1/3 of the DM. For straw, ethanol production from hexoses alone has thus been shown to be insufficient to provide economic profitability [26] . Suggested alternatives are the integration of pentose-based fermentation, or the production of biogas in combination with use of the lignin for pellet or combined heat and power production [23, 26] . Upgrading of the biogas to vehicle fuel quality has also been shown to have good potential to improve profitability [26] . The solid residue, which is rich in lignin, could also be interesting for further thermochemical conversion. In this study, calculations are based on the fermentation of hexose sugars to ethanol, pellet production from the lignin-rich solid residue after enzymatic hydrolysis, and anaerobic microbial production of methane from the pentose-containing liquid residue after pre-treatment together with the stillage.
The energy required for the distribution of ethanol to filling stations was calculated assuming the use of trucks with a filling capacity of 35 t and an average fuel consumption of 5 kWh per km including empty return transport [27] . The transportation distance was set to 30 km. It was assumed that the biogas was injected into a low-pressure gas grid and distributed to filling stations connected to the grid, which was the case for 40% of the upgraded biogas produced in Sweden in 2016 [28] .
Feedstock demand, product yields, additives and energy demand for grain-and straw-based ethanol production are summarized in Table 2 . In the case of straw, external energy was required for upgrading of the biogas produced. 
Biogas
There are currently 62 plants in Sweden producing biogas of vehicle fuel quality [28] . In 2016, the feedstock at these biogas plants was mainly sewage sludge, manure and various kinds of municipal and industrial organic waste [29] . Although most biogas plants use a mixture of feedstock, the data used in this study are based on a previously published study in which model calculations were applied to plants using grain or straw only [27] .
In addition to biogas, the process generates a liquid digestate that contains all the components of the additives and feedstock not converted into biogas (mainly CH 4 and CO 2 ). In Sweden, 96% of the digestate produced at large-scale co-digestion plants is utilized as biofertilizer on farmland [28] . It is also possible to pelletize the digestate and used it as fertilizer or fuel [29] . This practise is, however, uncommon in Sweden and is therefore not evaluated in this study. When analysing GHG emissions and production cost, we assumed that the biofertilizer would replace conventional mineral fertilizers, taking into account the additional cost and emissions associated with storing and field application compared to mineral fertilizers. The calculated nutrient and carbon contents in digestate are presented in Table 3 . Table 3 . Material and energy flows in the production of biogas from wheat grain and straw [27] .
Material and Energy Flows Grain Straw
Feedstock demand (t DM/y) 13 In order for biogas to be utilized as a vehicle fuel, CO 2 and various contaminants must be removed by upgrading [30] . The production capacity at existing upgrading plants in Sweden in 2015 varied from 20 to 3450 m 3 /h, with an average of 600 m 3 /h [31] . However, from an economic point of view, there is a clear efficiency of scale favouring larger installations. Upgrading technologies also differ regarding their energy and water demand, as well as methane emissions and methane concentration in the upgraded gas [27] . The optimal solution at specific sites is thus determined by local conditions. The feedstock demand, and energy input for biogas systems with a production of 1000 m 3 /h were calculated based on previous findings and are given in Table 3 . As for combined ethanol/biogas production, it was assumed that the biogas was injected into a low-pressure gas grid.
Economic Assessment
The economic assessment included the production and transport of domestic feedstock to the biofuel production plant, the production and distribution of ethanol and biogas, as well as the production and economic value of co-products such as DDGS, digestate and lignin pellets.
The cost of feedstock production and storage was calculated based on current agricultural practices in Sweden, including, for example, fertilization recommendations. The biofuel production and distribution costs are based mainly on the findings of recent techno-economic studies on biofuel production in Sweden, together with some updated market prices, for example, for process energy. The cost of transportation of feedstock and digestate in biogas production is based on the calculated transportation distance, assumptions on average vehicle speed, and the time required for loading and unloading, as well as hourly rates for different forms of transport carriage. For all economic data, a currency exchange rate of €1 = SEK9.0 was assumed. Further details on the assumptions and background data are given Appendices A and B.
Capital Cost
The capital cost was calculated based on a weighted average cost of capital (WACC) and depreciation time. The WACC was set to reflect the cost to the producer of acquiring the capital, the expected revenue from alternative investments, and the perceived risk associated with the investment. The depreciation time was set to reflect the anticipated technical life time of the investment, but could also be chosen to reflect the perceived risk, such that high-risk projects are assigned a short depreciation time. Following the assumptions made for ethanol production by Joelsson et al. [22, 26] the weighted average cost of capital was set to 11% and the depreciation time was set to 20 years for all investments. In the sensitivity analysis, the WACC was set to 6% and the depreciation time to 15 years, based on the assumptions made in recent calculations of biogas production cost in Sweden [27] .
Current Market Price for Vehicle Fuels in Sweden
To evaluate the feasibility of each biofuel system, the calculated production cost was compared with market prices (autumn 2017) for fossil vehicle fuels in Sweden, as presented in Table 4 . Table 4 . Market price (2017) of diesel, petrol and compressed natural gas (CNG) excl. VAT (€/GJ) [32] [33] [34] . 
Market

Greenhouse Gas Emissions
GHG emissions were calculated as global warming potential (GWP) in a 100-year perspective using the EU RED calculation method. The results are expressed per MJ fuel produced, and compared with current GHG reduction criteria and GHG emissions due to iLUC effects [5, 8] . The system boundaries were chosen to include the production of raw material up to the point of delivery of biofuel to consumer, and emissions from production were allocated to multiple products based on energy content (LHV at product moisture content). Biofuel feedstocks classified as by-products from other production were set to have zero emission until the point of collection.
In addition, a life cycle assessment was performed based on the approach outlined in the ISO standard [35] . The functional unit was 1 MJ (LHV) of biofuel at the filling station, and the system boundaries were the same as in the EU RED calculations. The main difference of relevance to the present study is that in the ISO method a systems expansion is recommended in the case of multiple products. This includes the assessment of what the co-products are likely to replace, and the resulting benefits in terms of GHG reduction. In addition, the zero-emission approach for by-products applied in the EU RED was replaced by a calculation of the impact of removing the straw from the field. Emphasis was placed on the effects on SOC content, since this is an aspect often discussed in relation to the removal of crop residues. To allow comparison between the results, no other aspects were changed, thus GWP characterization factors and emissions based on typical average emissions were maintained in both assessments. The assumptions and data are summarized in Appendix C.
Sensitivity Analysis
The uncertainty in the data chosen for material flows, yields and emissions was evaluated from different perspectives depending on the feedstock and process. In addition, the sensitivity of the end result to aspects that can be regulated through policies on EU level, such as the choice of emission factors for electricity, was evaluated for all production systems. The data used in the base case and evaluated alternative values are summarized in Table 5 . Assumptions, calculations and references are presented in Appendix B (costs) and Appendix C (GWP).
Winter wheat cultivation in four Swedish production regions was evaluated to demonstrate the impact of varying cultivation conditions and transport distances on both production cost and GWP. Other cultivation-related effects evaluated from a GWP perspective were the emissions associated with mineral nitrogen fertilizer production, and the impact of replacing diesel (with a low blend of biodiesel) with biodiesel. Both indoor and outdoor straw storage were evaluated in the cost calculations.
The production of ethanol from grain is a well-established commercial process, and data on yields, both for ethanol and DDGS, and inputs in the process are considered reliable. In the present study, the source of process energy was evaluated, since the typical Swedish conditions assumed in the base case might not be typical in other countries. The type of protein animal feed replaced by DDGS, and the impact of the market value were also evaluated.
When considering straw for ethanol production, the uncertainty in the experimental co-product yield of biogas was taken into consideration by using a low yield in the base case. The impact of a higher yield was also evaluated, which leads to additional processing emissions, and the net impact on GWP and costs is reported in the results. Other aspects evaluated were the enzyme dosage and the GHG emissions resulting from enzyme manufacturing.
Biogas production, upgrading and gas grid injection for vehicle fuel applications are well-established full-scale processes, and the inputs and emissions are considered reliable. However, the yield used here was based on a theoretical calculation and both higher and lower yields were evaluated. In this study, the investment cost is reflected in the cost of capital, including the depreciation time and the WACC. For ethanol from grain and biogas upgrading and distribution, the investments assumed are considered reliable even if the actual cost is time-and site-dependent. For ethanol from straw, the assumptions are probably more uncertain. In the sensitivity analysis, this was evaluated by changing the depreciation time and the WACC, while keeping the investment cost constant. Finally, the impact of an investment subsidy was also evaluated.
Results and Discussion
GHG emissions and production costs were calculated for ethanol and biogas from both wheat grain and wheat straw. The purpose was not only to present updated and comparable values for these biofuel production systems, but also to identify drawbacks and benefits if residues are prioritized over energy crops for the production of biofuels. Based on our base case assumptions, Figures 3 and 4 show production cost and GHG emissions, calculated according to the EU RED and the ISO methodology, for the production of ethanol and biogas from grain and straw originating from PR1. For straw, the results given here include the removal of fraction 3 only (see Section 2.1). To exemplify how reduced GHG emissions could be given an economic value, the results are also applied in the context of the Swedish GHG reduction mandate.
Production Cost
The production cost for biofuels is calculated to €324-€334/GJ depending on feedstock and fuel, see The cost is higher when using straw as feedstock than when using grain. However, the production cost for biofuels based on straw is still lower than the market price of petrol (€39/GJ,) and comparable to the prices of diesel and CNG (€32/GJ) including taxes. It is notable that the cost of grain has a substantial impact on the overall biofuel production cost, while the costs for the collection and storage of straw are not so important and that straw is a cheaper feedstock, even when the transportation cost is included.
The overall production cost is also affected by the economic value of the co-products. This is especially the case when producing ethanol from grain, where the value of the DDGS corresponds to approximately 50% of the biomass cost. Thus, the feasibility of such biofuel production is highly dependent on the market price not only of wheat and biofuel, but also feed such as soybean. It should be noted that the price of straw is not directly affected by the market prices of agricultural commodities. However, the amount of available straw is indirectly affected by the wheat and livestock market, which influence the total amount available and alternative uses of straw.
Greenhouse Gas Emissions
For the production of biofuels from grain, GHG emissions are dominated by biomass production as such. If straw is used, emissions from biomass transport, as well as the biofuel production process, increase, although the total emission is still lower compared to biofuels from grain. The current requirement for biofuels to be considered sustainable in the EU is a 60% reduction of GHG emissions compared to fossil fuels [8] . Both grain-and straw-based biofuels fulfil this requirement, but the reduction is greater for straw-based ethanol and biogas, with savings of 89 and 82%, respectively. In addition, ethanol production from grain has been assigned an iLUC-based GHG emission factor, which is set to 12 g CO 2 eq MJ −1 [8] . When this is included, the GHG reduction for grain-based ethanol will decrease to 63%, approaching the limit of what is currently considered sustainable from a GWP perspective.
However, it should be noted that combining GHG emission calculations based on the EU RED methodology with GHG emissions calculated based on an iLUC effect actually constitutes a methodological error. The EU RED is an attributional GHG accounting system for existing specific production chains, while the iLUC is based on economic equilibrium models that estimate the large-scale patterns in global land-use change as an effect of implementing a biofuel policy. Since iLUC factors are implemented in EU biofuel policies, it is however a useful exercise to determine how biofuel producers could be affected.
If GHG emissions are calculated according to the ISO methodology, the net emissions will be lower for all biofuel systems (see Figures 3 and 4) . This is mainly due to the emission savings when co-products are included, instead of applying energy-value-based allocation, as in the EU RED. This confirms the climatic advantages of straw-based biofuels, which have the lowest net emissions, irrespective of the method applied.
Impact of Regional Differences and Ratio of Straw Removal
Results in Figures 3 and 4 were shown for PR1, the region with the most favourable conditions, and with a degree of straw removal that does not affect current utilization or the SOC content. The impact on production costs and emissions of locating a biofuel production plant in regions with lower share of arable land and lower cereal yields (Table 1 , PR2-4) was evaluated, together with a higher rate of straw removal (fractions 1-3, see Figure 2 ).
If a biofuel production plant is located in such a region, the feedstock cost will increase, see Figure 5 . When using grain, the overall production cost increases by about 20% for ethanol and 10% for biogas when comparing PR4 with PR1. The majority of the cost increase, 80-90% for ethanol and 90-100% for biogas production, is due to increased crop cultivation cost at lower yields. For straw, the cost increase is solely due to the longer transport distances. The larger ethanol production plant is thus influenced more, with a cost increase of more than 20% in PR4 compared to PR1 when only the currently unutilized straw is used (fraction 3), and 10% when all straw is removed (fractions 1-3).
Using straw for ethanol production in PR4 is also the only production system where the biofuel production cost is higher than the market price of petrol (€39/GJ). For biogas production, the impact of changing PR and collecting a higher share of straw is low due to the smaller amounts needed at each plant. If all the straw were to be collected (fractions 1-3), the production cost would be lower than current market prices of petrol in all the production regions investigated. Figure 5 . Cost impact of regional differences and ratio of straw removal. PR2 has no available straw in fraction 3.
The same comparison was made for impact on GHG emissions (see Figure 6 ). Regardless of PR and method of calculation, GHG emissions were lower for biofuels produced from straw than from grain. All systems also exhibited a GHG saving larger than 60%. If an impact of iLUC for grain based ethanol was included, as given in the iLUC directive (12 g CO 2 eq MJ −1 ), a 60% saving in GHG emissions would not be obtained in PR4. For the EU RED calculations, the GHG emissions followed the same pattern as the costs, where lower yields gave the main impact for grain based fuels, and longer transport distances increased the emissions for straw-based fuels. Figure 6 . GHG emission impact of regional differences and ratio of straw removal. The outcome using two calculation methods (EU RED and ISO) is compared. PR2 has no available straw in fraction 3.
The ISO calculations showed a more complex picture. As shown in more detail for PR1 in Figures 3  and 4 , the different methods applied for handling co-products gave less GHG emissions for grain and straw fraction 3 in all PR. In addition, the ISO calculations included the potential negative impact on SOC when all straw was collected (fractions 1-3). This SOC impact was the main reason to the higher emissions when comparing the use of straw fractions 1-3 to removal of only straw fraction 3, the benefit of the shorter transport distance only having a minor impact. This illustrates how relevant emissions or avoided emission can be missed when the method is as simplified as in the EU RED.
Sensitivity Analysis
The aspects evaluated in the sensitivity analysis are shown in Figure 7 (production cost) and Figure 8 (GHG emissions according to the EU RED methodology). As mentioned above, the calculated production cost is lower than the current market price of petrol in all biofuel production systems analysed. The production cost of biofuels from grain is dominated by the cost of the grain. Reducing the interest or the depreciation time, or implementing an investment subsidy would thus have a minor impact on the overall production cost. Although the economic value of the DDGS has a high impact on the ethanol production cost, grain-based ethanol still has the lowest cost even if the market price of DDGS is reduced with 40%.
When straw is used for biofuel production, reducing the capital cost has a greater impact. An investment subsidy of 30%, for example, would lead to a production cost for both biogas and ethanol that is lower than the current market price of all fossil vehicle fuels in Sweden. Finding a cheaper storage solution for straw will also have a positive effect although not dramatic. The ethanol production cost is reduced with approximately 10% if the straw storage cost is set to zero. Finally, it is clear that parameters such as methane yield and enzyme dosage have at least as high an impact as changing the capital cost or the storage cost. Thus, it is crucial to gain a better understanding of these parameters in a full-scale process. However, the production cost only exceeds the current market price of petrol in the case with the highest enzyme dose.
Regarding GHG emissions, the only single factor among those evaluated that increases emissions above the 60% reduction limit is the use of a fossil energy supply, natural gas, in grain-based ethanol production. The emissions for EU average electricity and the typical emission for Western European nitrogen fertilizer also give notable increases in total emissions. Thus, an energy supply based on a high share of renewables and low-emission nitrogen fertilizer production are, not unexpected, aspects that are relevant to low-emission biofuel production. If all diesel used for agricultural operations and transport is replaced with biodiesel (here 50% FAME and 50% HVO, see Appendix C), this would also give a significant reduction of GHG emissions. For straw-based biofuels, methane yield, enzyme dose and GHG emissions from enzyme production have impact on overall emissions. However, the parameters evaluated here do not risk the possibility of achieving a GHG saving of 60% or higher.
Ethanol from Grain vs. Straw with a GHG Reduction Mandate
As presented in the introduction, Sweden has implemented a system with a GHG reduction mandate for low-blend of biofuels in petrol and diesel. With this system, the amount of biofuel required depend on its GHG reduction. A biofuel with low emissions will thus have a higher value than a biofuel with higher emissions. The calculated consumer price for petrol, including the mandatory low-blend of ethanol in 2020 (4.2%) is presented in Figure 9 . The amount of ethanol required is based on the GHG emission calculated according to the EU RED and the cost is based on the result presented in Figure 3 . Even with the advantage given by the reduction mandate system, ethanol from straw is still the more expensive option. However, the overall cost of the fuel blend will only increase by approximately 1% if the fuel supplier chooses ethanol made from straw instead of grain. As can be seen in Figure 9 , using ethanol produced from straw is also cheaper than paying the penalty for not fulfilling the reduction mandate. 
Conclusions
Wheat grain and straw are two examples of agricultural feedstocks that could be used to produce biofuels such as biogas and ethanol. The results of this study clearly shows that straw-based production gives biofuels with lower GHG emissions, regardless of the calculation method applied. From an economic perspective, the production cost for biofuels from both grain and straw are lower or similar to the market price of fossil fuels. The production of biofuels from grain is far less costly, despite the fact that the cost of the feedstock is higher than that of straw. Thus, there is a trade-off between cost and climate impact in these studied comparisons of biofuels from the grain and the straw from wheat.
In this study, climate impact has been calculated according to the method given in the EU RED, which is applied in the currently implemented European biofuel policies, as well as according to the ISO standard for LCA. Biofuels from straw were found to have the lowest climate impact regardless of calculation method. The method in the EU RED is, however, simplified and does not include the whole biofuel production system. Thus, there is a risk that relevant emissions or avoided emission is excluded and that implemented policy instruments does not favour the biofuels with the lowest GHG emissions. To avoid this, the method applied in the EU RED should be modified so that co-products and changes in SOC is fully included for all biofuels and feedstock.
In a Swedish context, the production of biogas and ethanol from both grain and straw fulfils current demands on GHG emission reductions in the EU RED. In fact, the production of biofuels from grain could still meet the reduction requirements even including the iLUC-factors suggested in the amended EU RED. This would, however, demand a production system characterized by a high share of renewable energy carriers (both in transport and production), and the use of mineral fertilizers produced with low GHG emissions.
The reduction mandate recently adopted in Sweden is used as an example of policy implications of the observed trade-off between climate impact and cost. Such a system increases the competitiveness of ethanol from straw over grain, but does not compensate completely for the higher production cost. Fuel suppliers are thus likely to use as much biofuels from crops as is permitted by current policy instruments. However, producing ethanol from straw instead of grain would have only a minor impact on the fuel price to the consumer. Thus, if there is a shortage of ethanol from grain, or policy instruments limit the use of this feedstock, producing ethanol from straw is a highly viable option. 
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Appendix A. Feedstock Production, Transport and Storage
All relevant field operations (stubble treatment, ploughing, harrowing, sowing, etc.) were included in the production of wheat grain and straw. Field operations were modelled for grain and straw production in each production region, in order to calculate the energy inputs, such as the consumption of diesel, electricity and heat, and other inputs, such as fertilizer, seed and pesticides. Production means such as machinery, buildings and infrastructure were included in the economic evaluation, but were not included in the environmental assessment.
Appendix A.1. Cultivation Input
A seeding rate of 180 kg/ha was assumed for winter wheat production [36] . It was assumed that harvested grain was stored in conventional cereal silos. The energy required for grain storage was calculated assuming an input in the storage facility of 7 MJ/m 3 /y and a grain density of 770 kg/m 3 . Pesticide and limestone inputs during cultivation were calculated based on recommendations for southern Sweden [36] : 3.0 kg of active ingredient (196-288 MJ/kg active ingredient [37] ), and 200 kg liming agent (0.03 MJ/kg [38] ) added as 800 kg/ha every fourth year.
The amounts of plant nutrients applied for winter wheat cultivation in the different production regions (PR) were calculated based on recommendations by the Swedish Board of Agriculture for nitrogen [39] and typical biomass nutrient contents of phosphorus and potassium [40] (Table A1) . Recommendations for nitrogen application for winter wheat grown for feed purposes were translated into a basic and a yield-corresponding amount using simple linear regression. It was assumed that only mineral fertilizer was used. It was also assumed that the plant nutrients removed with the straw would be replaced in the form of mineral fertilizer. Typical straw nutrient contents were used to calculate these amounts [27] (Table A2) . 
. Energy Inputs
Suitable machinery was selected for each field operation, and the corresponding diesel consumption was calculated from typical specific diesel consumption data, field capacity and annual use [41] . Specific energy inputs are given in Table A3 . A further 4% was added to the calculated diesel consumption to account for oil lubrication, and assigned the same emissions as the diesel. Before storage, it was assumed that the grain was dried to a moisture content of 14%. It was also assumed that the straw was stored indoors at the production plant. Regarding transport of wheat grain and straw, it was assumed that the wheat grain was transported to the biofuel production plant by tractor and field trailer for distances less than 12 km. For greater distances, reloading to, and transport by, truck was assumed. It was further assumed that wheat straw was baled and transported to the biofuel production plant by truck-mounted self-loading trailers. The average transport distance for grain and straw was calculated based on the feedstock demand of the biofuel production facility and the corresponding crop intensity in each production region using the equation presented by Overend [44] . A circular area with the facility at the centre, and a tortuosity factor of 1.3 [45] were assumed. Calculated transportation distances are given in Table A4 . Total energy input (diesel, heat electricity) for grain and straw production in each PR, for both biogas and ethanol production are given in Tables A5-A7 . For straw, data are presented for fraction 3 and fractions 1-3 (as described in Section 2.1). It was assumed that fractions 1-3 was recovered even when calculating the energy input (and costs) of sustainable straw removal, to simulate common practice, i.e., the harvest of full technical potential, but not every year. The effects of reducing the amount of sustainable straw removal were instead simulated by increasing the transport distance. 1 Including transport to farm. 2 Transport from farm to biofuel production plant.
Appendix A.3. Feedstock Production Costs
Feedstock production costs were assessed using a stepwise calculation method considering field, transport and storage operations. Machine-hours were calculated for each operation assuming typical machinery suitable for the task, and using data on machinery capacity, wheat grain and straw yields, and transport distances. Data on machinery costs were taken from advisor recommendations [46] .
Storage costs were not included in the feedstock production costs, but were instead included in the processing stage at the biofuel plant. Specific costs of electricity and fertilizers are given in Table A7 . The total feedstock production cost for grain and straw are given in Tables A8-A11. Table A9 . Feedstock production costs for winter wheat straw in the different production regions (PR) for the production of biogas and ethanol, when removing amounts of straw according to fraction 3 and fractions 1-3. 
Parameter
Appendix B. Biofuel Production Cost
The biofuel production cost consists for example of the costs of capital, feedstock, process energy, additives, operation and maintenance. Furthermore, each biofuel production system analysed generates different co-products, which provide additional income, reducing the biofuel production cost. The investment cost applied, summarized in Table A12 , is based on recent techno-economic studies of biofuel production under Swedish conditions. Table A13 gives the cost of process energy, additives and chemicals, together with costs of maintenance and various services. In addition, the production of ethanol from grain and straw also include a fixed cost of approximately €4.4 and €3.0 million to account for insurance and labour, etc. [22, 26] . Finally, the economic value of the co-products is presented in Table A14 . Base case cost calculations for the storage of straw are based on indoor storage [48] when the straw is to be incinerated. It is also possible to store straw outside which could be a more cost-efficient option. However, no studies could be found on the impact of outdoor storage on the feedstock quality.
To give an indication of the possible reduction in production cost resulting from cheaper storage, the straw storage cost was set to zero in the sensitivity analysis. Table A12 . Investment costs (million €) for biogas and ethanol production plants using wheat grain and straw, respectively [22, 26, 27] . Table A14 . Economic value of co-products the production of biogas and ethanol from wheat grain and straw respectively.
System
Co-Product Unit Reference
Macro-nutrients in digestate N €1. 1 In the technical background data used [27] , a trace mineral solution of unknown content is added. The emission value used is that for yeast extract. 2 Percentage of the produced CH 4 . 3 The loss of CH 4 during upgrading is 0.1%. In addition, 4% of the gas is assumed to be flared (during process failure, maintenance, etc.), 2% of which passes the flair unburnt and is emitted to the atmosphere.
In addition to GHG emissions during enzyme manufacture, the effects of varying the enzyme dose were evaluated. The dose used in the techno-economical evaluation is that used for straw-based ethanol production: 1.7 g (100 g cellulose) −1 (Novozymes enzyme solution Cellic Cetc3 for lignocellulosic ethanol production) [26] . The maximum dose recommended by Novozymes, of 6 g (100 g cellulose) −1 [71] , was used as an alternative value in both GWP and cost calculations. Recent studies on new types/combinations of lignocellulosic enzymes (Cellic 1.0, Novozymes) indicate that further decreases in emission will be possible per gram enzyme solution, but a higher dose will be required [72] , still leading to a slightly lower GWP. The combined impact of dose and emissions during the manufacture of next-generation enzymes on GWP was also evaluated.
In the study of combined ethanol and biogas production from straw, two biogas yields were given, an experimental yield and a theoretically calculated yield. The lower experimental value was used in the base case for the GWP calculations, while the higher theoretical yield was used as an alternative value in the sensitivity analysis.
For biogas from straw, the biogas yield is based on a theoretical calculation, previously presented in Lantz et al. [27] which to the best of our knowledge, has not been verified on a large scale, since straw would likely be used as a co-substrate together with other feedstocks. This uncertainty is reflected by evaluating the impact on cost and GWP of 10% higher and lower methane yields from straw.
Appendix C.1. Co-Product Substitution
In the ISO methodology, the greenhouse gas emissions from the use of the co-products is based on estimates concerning the products they will replace. In the present study, co-product substitution is based on assumptions regarding the products that will be replaced under typical Swedish conditions. However, this substitution will also cause emissions in some cases.
In the production of grain-based ethanol, the co-product is DDGS, which is assumed to replace currently dominating animal protein feed products in Sweden. The two dominating types of animal protein feed in Sweden in 2010 were soybean meal and rape meal (from the press cake after rape seed oil production), representing more than 90% of the total consumption [73] . The effects of substitution are calculated based on protein; the contents in DDGS, rape meal and soybean meal being 34%, 34% and 45%, respectively [54] . The ratio between soybean meal and rape meal, on a protein basis, in current animal feed is 52/48. The GHG emissions from the transportation and processing of these protein feeds at the largest animal feed production site in Sweden (Lidköping) have been calculated and found to be 849 and 461 g CO 2 eq (kg DM) −1 for soybean and rape meal, respectively [74] . The transport of DDGS from the biofuel production plant to the animal feed production plant is assumed to take place at a load of 32.4 t DM per truck, over a transport distance of 250 km [74] , with the same fuel consumption as for biofertilizer transport (see below). The resulting emissions and avoided emissions of this substitution are summarized in Table A18 . It is interesting to note that, based on Swedish protein feed consumption data from 2010 [74] , four ethanol production plants of the size assumed here (440,000 t DM cereal grain per year) would cover the whole Swedish protein feed demand, and exploiting other markets or other applications of the DDGS as a co-product would change the climate benefits.
In the production of straw-based ethanol, the co-products are biogas and fibre pellets. It is assumed that the biogas is upgraded and distributed via the natural gas grid (as in the biogas-only cases) and replaces natural gas. The assumed energy use and emissions for upgrading and distribution are the same as for the biogas-only cases, and the emissions and avoided emissions of this substitution are also summarized in Table A18 . The fibre pellets are assumed to replace wood chips.
The co-product from biogas production using both feedstocks is biofertilizer. The composition of the biofertilizer leaving the biofuel production plant is presented in the main paper (Table 3) . Nitrogen losses will occur during storage and field application, reducing the amount of nutrients available, and generating GHG emissions, Table A19 . Methane losses during biofertilizer storage were taken from Lantz et al. [27] , where they were calculated using emission factors from liquid manure storage and the residual methane potential in the biofertilizer, which gives a methane loss during storage corresponding to 0.5% of the collected biogas for production from straw, and 0.1% for production from grain [27] . The amounts given in Table A18 are after losses during storage and application.
The carbon content in the biofertilizer is calculated based on the assumption of an original carbon content of 47% of DM in the feedstocks, and with losses during processing based on biogas yields [75] . The contents of the remaining nutrients originate from the original feedstock, where organically bound N is partly mineralized to NH 4 + , or is added during processing [27] .
The SOC impact of the application of biofertilizer was not modelled in detail since this requires assumptions on where and when the biofertilizer is applied. Instead, data were taken from a previous study concerning the effect of adding biofertilizer from crop digestion on SOC [75] . In that study, the biofertilizer contribution to SOC was modelled for PR1, where 43% of the biofertilizer was used to fertilize winter wheat, and 57% for grass ley, and for PR2, where the corresponding applications to winter wheat and grass ley were 58% and 42%, respectively. The proportion of added carbon integrated into long-term stable SOC was found to be 23% of the amount added, and the annual amount of stable SOC was calculated as an average over 40 years [75] . This value was used to estimate the contribution of biofertilizer to long term stable SOC in all the PRs studied in the current study.
The demand for biofertilizer is assumed to be high, but its distribution may be limited by crop rotations, weather conditions, etc. We therefore assumed that it would be possible to use the biofertilizer on 30% of the arable land in the production regions, which is reflected by a higher transport demand. The average proportion of arable land in the four PRs and the same equation as that for biomass transport were used for the calculation (see Appendix A). The biofertilizer load per vehicle was assumed to be 35 t, and the fuel consumption for loading, unloading and field application were taken from Lantz et al. [27] . Table A18 . Emissions and benefits (avoided emissions) associated with co-products at substitution per tonne DM of the original feedstock (straw or grain) added to the main process in PR1. (Negative values indicate avoided emissions.). 1 After losses during upgrading. 2 The amount of NH 4 -N replacing mineral N, where losses during storage (see Table A19 ), and emissions at application have been subtracted. 3 Both CH 4 and NH 3 are lost during storage (see Table A19 ). 4 The increase in N 2 O emission compared to mineral N fertilization. The emission is higher as it is calculated based on the total N content in the biofertilizer, where NH 4 -N is 66% of the total N for grain-based biogas, and 60% for straw-based biogas. The amount of NH4-N added is also higher than the required mineral N due to the higher loss of NH 3 at application (see Table A19 ). 5 The corresponding emissions for PR2, PR3 and PR4 are 9.0, 8.7 and 11.2 kg CO 2 eq (t DM) −1 , respectively. 6 The corresponding emissions for PR2, PR3 and PR4 are 4.4, 5.6 and 7.0 kg CO 2 eq (t DM) −1 , respectively. [58] 1 The leakage to water is different in the different PRs. The values used for nitrate run-off were: 32.9, 27.5, 11.9 and 9.7 kg NO 3 -N ha −1 for PR1, PR2, PR3 and PR4, respectively [78] .
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Appendix C.2. SOC Simulation
The data used to parameterize the ICB model for the simulation of SOC mineralization are summarized in Table A20 . Table A20 . Data for the parameterization and long-term field experiments used for calibration of the ICB model [79] for SOC simulations used in the SOC balance estimations [80, 81] . 
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